M
ultiple sclerosis is the most common nontraumatic cause of neurologic disability in young adults. 1,2 It is generally believed to be an autoimmune condition in which autoreactive T cells attack myelin sheaths, 3 leading to demyelination and axonal damage. 4 Currently approved immunomodulating treatments for multiple sclerosis (interferon beta and glatiramer acetate) 5-8 reduce relapse rates by about 30%. 9 Both these drugs are administered either subcutaneously or intramuscularly, and interferons are associated with systemic reactions in more than 60% of patients, 10 with implications for adherence to treatment. 11 Fingolimod (FTY720, Novartis Pharma) is an oral sphingosine-1-phosphate receptor modulator. After rapid phosphorylation, fingolimod-P acts as a superagonist of the sphingosine-1-phosphate-1 receptor on thymocytes and lymphocytes and induces aberrant internalization of this receptor, thereby depriving these cells of a signal necessary to egress from secondary lymphoid tissues. The majority of circulating lymphocytes are thus sequestered in lymph nodes, reducing peripheral lymphocyte counts and the recirculation of lymphocytes to the central nervous system. [12] [13] [14] [15] Lymphocytes in secondary lymphoid organs and those remaining in blood continue to be functional. In laboratory animals, fingolimod does not impair memory T-cell activation or expansion in response to systemic viral infection. 16 In animal models of multiple sclerosis, fingolimod prevents the onset of disease and reduces established neurologic deficits. 12, 17, 18 We conducted a double-blind, placebo-controlled, proof-of-concept clinical study to evaluate the efficacy and safety of fingolimod for the treatment of relapsing multiple sclerosis.
Me thods
The steering-committee members and the sponsors designed the study. The authors had access to all data, participated in the analysis and interpretation of data, and were members of the publication committee. The academic authors vouch for the completeness and veracity of the data and analyses.
Patients
Eligible patients were 18 to 60 years of age and had a diagnosis of relapsing multiple sclerosis 19 and at least one of the following: two or more documented relapses during the previous 2 years, one or more documented relapses in the year before enrollment, and one or more gadolinium-enhanced lesions detected on magnetic resonance imaging (MRI) at screening. Additional eligibility criteria included a score of 0 to 6 on the Expanded Disability Status Scale (EDSS, on which scores range from 0 to 10, with higher scores indicating a greater degree of disability) 20 and neurologically stable condition, with no evidence of relapse for at least 30 days before screening and during the screening and baseline phases. Exclusion criteria were use of corticosteroids (within the previous 30 days), immunomodulatory therapy (within the previous 3 months), or immunosuppressive treatment (e.g., azathioprine or methotrexate within 6 months, cyclophosphamide within 12 months, or mitoxantrone or cladribine within 24 months); a history of cardiac conditions that might increase the risk of a decrease in heart rate; a white-cell count of less than 3500 per cubic millimeter; and a lymphocyte count of less than 800 per cubic millimeter.
The study adhered to the International Conference on Harmonization Guidelines for Good Clinical Practice 21 and was conducted in accordance with the Declaration of Helsinki. 22 An independent external data and safety monitoring board evaluated adverse events and other safety data as well as clinical and MRI efficacy data. All patients gave written informed consent.
Study Design and Randomization
The study included a 6-month double-blind core study (months 0 to 6) and a 6-month extension study during which the investigators and patients were unaware of treatment assignments (months 7 to 12).
In the core study, patients were randomly assigned, in a 1:1:1 ratio, to 1.25 mg of fingolimod, 5.0 mg of fingolimod, or a matching placebo once daily; all drugs were given as capsules. Randomization was stratified according to disease course (relapsing-remitting or secondary progressive) with the use of a centralized automated system that provided randomized packages of the study drug to each center. The medication was prepackaged on the basis of a block size of 3 (1.25 mg, 5.0 mg, and placebo); this information was not disclosed to investigators and monitors.
After the core study, patients could continue in the extension study. Participating patients received a new set of medication and were unaware of the treatment assignment; those who had received active treatment in the core study continued with the same dose, and those who had received placebo were randomly assigned to receive 1.25 or 5.0 mg of fingolimod. Study visits took place at screening, at baseline, on days 1 and 7, and then monthly for 6 months. In the extension study, visits took place on day 1 and at months 9 and 12. MRI of the brain was performed at baseline, monthly for 6 months, and at month 12, with the use of standard, predefined acquisition settings. T 1 -weighted, T 2 -weighted, and proton and density sequences were obtained before the administration of gadolinium. T 1 -weighted sequences were also obtained after the administration of gadolinium. Vital signs were obtained at each visit, and laboratory and hematologic measures were obtained at baseline, day 1, and months 1, 3, 6, 9, and 12. Electrocardiograms were obtained at baseline, on days 1 and 7, and at months 1, 3, 6, and 12, and 24-hour Holter electrocardiographic monitoring was performed at selected sites at baseline, day 1, and month 3. Pulmonary-function tests, which included the forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC), and carbon monoxide diffusion capacity, were performed at screening and months 6 and 12. These tests were introduced by means of a protocol amendment and thus were performed in a subgroup of patients. Neurologic evaluations were performed at baseline and every 3 months thereafter with the use of the EDSS and the Multiple Sclerosis Functional Composite (MSFC, data not shown). Relapses were confirmed by the treating physician on the basis of an examination by the EDSS rater who was not otherwise involved in patient care. When warranted, relapses were managed by the treating physician according to a standardized scheme, with up to 1000 mg of methylprednisolone per day given intravenously for 3 to 5 days.
Study End Points and Procedures
As previously suggested for phase 2 proof-of-concept trials in relapsing multiple sclerosis, 23,24 the primary efficacy end point of the study was the total number of gadolinium-enhanced lesions per patient recorded on T 1 -weighted MRI at monthly intervals for 6 months. Secondary MRI variables included the total volume of gadolinium-enhanced lesions per patient, the proportion of patients with gadolinium-enhanced lesions, the total number of new lesions per patient on T 2 -weighted images, changes in lesion volume on T 2 -weighted images, and brain volume from baseline to month 6.
Clinical end points included the number of patients remaining free of relapse, the annualized relapse rate, and the time to the first relapse. Confirmed relapse was defined as the occurrence of new symptoms or worsening of previously stable or improving symptoms and signs not associated with fever, lasting more than 24 hours and accompanied by an increase of at least half a point in the EDSS score or 1 point in the score for at least one of the functional systems (excluding the bowel and bladder and mental systems). Neurologic deterioration that was classified by the treating physician as a relapse but that did not fulfill these criteria was documented as an unconfirmed relapse. In the core study, we performed exploratory assessments of disability by comparing scores on the MSFC and EDSS at baseline with scores at month 6. For the extension study, values at baseline and month 6 were compared with values at month 12.
MRI scans were assessed for quality and compliance at the MS-MRI Evaluation Center in Basel without the evaluators' knowledge of treatment assignments or clinical results. Lesion volumes were measured with the use of an interactive digital-analysis program. 25 Brain volume was measured with the Structural Image Evaluation Using Normalisation of Atrophy (SIENA) program. 26 Neurologic assessments were performed by specially trained, 27 independent neurologists who were unaware of the treatment assignments, were not involved in the everyday care of the patients, and had no access to their medical records.
Adverse events were assessed and reported at each visit (scheduled and unscheduled) by the treating physicians. Laboratory evaluations were undertaken at a central laboratory. Laboratory values that might have revealed the treatment assignment (e.g., lymphocyte counts) were not disclosed to treating physicians unless they exceeded prespecified safety limits. In cases of clinical adverse events or notable laboratory abnormalities, the dose of study medication was reduced or withheld at the discretion of the treating neurologist.
Rechallenge after improvement was performed at the discretion of the treating neurologist.
Statistical Analysis
Statistical power and sample size were calculated on the basis of data from the Sylvia Lawry Centre for Multiple Sclerosis Research, 28 with a nonparametric bootstrap method 29 with a two-sided Wilcoxon rank-sum test and a 5% significance level. For a study with 80 patients per group, we estimated that the study would have a power of 78% if the number of post-baseline lesions on MRI was reduced by 50% in the fingolimod groups, as compared with the placebo group. Assuming that we would be able to evaluate data for more than 90% of patients, the enrollment of 72 patients with data that could be evaluated in each group would be sufficient to detect a significant treatment effect of 50% with a power of 75%.
As prespecified, MRI analyses were primarily performed in a population of patients who underwent randomization and who completed 6 months of treatment, had no major protocol violations, and for whom MRI scans were available at baseline and on three or more visits. Use of a per-protocol-like population for MRI analyses is appropriate for a proof-of-concept study. The intention-to-treat population comprised all patients who were randomly assigned to receive at least one dose of study medication and had at least one post-baseline MRI. MRI analyses were repeated for the intention-to-treat population to assess the sensitivity of the results with the population with data that could be evaluated. Clinical outcomes were evaluated in the intention-to-treat population. Safety analyses were undertaken for patients who were randomly assigned to receive at least one dose of study drug and completed at least one safety assessment. Adverse events were analyzed by means of Fisher's exact test.
MRI end points were compared among the groups with the use of nonparametric Wilcoxon rank-sum tests. The probability of a first confirmed relapse was calculated by the Kaplan-Meier method, with between-group comparisons made with the log-rank test. Proportions of patients who were free of relapse at month 6 on the basis of Kaplan-Meier estimates were compared with the use of the z-test. We used a Poisson regression model to compare annualized relapse rates. Baseline characteristics were assessed with Fisher's exact test for categorical variables and the Wilcoxon rank-sum test for continuous variables. P values are based on two-sided tests. No interim analysis was performed. No adjustments were made for multiple comparisons.
When scans were missing, patients discontinued treatment, or MRI was performed within 14 days after corticosteroid treatment and the results were therefore considered invalid, the median of number and volume of gadoliniumenhanced lesions and the number of new lesions on monthly T 2 -weighted scans available post-baseline was imputed. Each patient therefore had six complete scans, and the totals were compared among treatments with a nonparametric Wilcoxon rank-sum test. Additional analyses were performed with data from the intention-to-treat population and actual lesion counts only (i.e., without imputed data). These analyses included Wilcoxon rank-sum tests for between-group comparisons of the average number of lesions per scan and per patient and generalized estimation equations 30 with the use of longitudinal data and adjustment for baseline covariates. The Wilcoxon signed-rank test was used for within-group comparisons of MRI outcomes in the extension study.
R esults

Patients
Patients were recruited by investigators from 32 centers in 10 European countries and Canada from May 2003 to April 2004. In the 12-month extension study, the assessment for the last patient was completed in April 2005. Figure 1 shows the numbers of patients who were randomly assigned to the three study groups and who completed treatment. Baseline characteristics were similar among the three groups (Table 1) .
MRI Results in the Core Study
The total cumulative numbers of lesions per patient on post-baseline, monthly gadoliniumenhanced, T 1 -weighted MRI scans were lower in both fingolimod groups than in the placebo group (P<0.001 for the 1.25-mg dose and P = 0.006 for the 5.0-mg dose) ( Table 2) .
At month 6, the proportion of patients who were free of gadolinium-enhanced lesions was greater in both fingolimod groups than in the Four patients did not have one or more scans available after baseline and therefore were not included in the intention-to-treat analysis. The most common reasons for premature discontinuation were adverse events and withdrawal of consent. In addition to the patients who prematurely discontinued study medication, 14 patients were excluded from the population that could be evaluated because baseline and three post-baseline MRI scans were not available or the protocol was violated. These 14 patients completed the core study and were eligible to enter the extension phase.
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Downloaded from www.nejm.org at UNIVERSITY OF CALGARY on December 6, 2006 . placebo group (P<0.001 for both comparisons), with a separation between the curves becoming evident from 2 months onward ( Fig. 2A) . With the exception of the change in brain volume from baseline, all secondary MRI end points differed significantly between the fingolimod groups and the placebo, in each case favoring treatment with fingolimod (Table 2) . In the population with data that could be evaluated, only 1% of scans were missing or invalid (i.e., with the use of imputed values), as compared with 6% in the intention-to-treat population. When sensitivity analyses of data with and without imputation were performed for the intention-to-treat population, all MRI findings were similar to those in the population with data that could be evaluated and all significant differences were maintained.
Clinical Outcomes in the Core Study
Although the study was not powered to detect a treatment effect on the relapse end points, significant improvements over placebo were observed in the fingolimod groups, including a relative reduction in the annualized relapse rate (by 53% in the 5.0-mg group and by 55% in the 1.25-mg group) ( Table 2 ). In addition, the estimated time to a first relapse was significantly prolonged in Median ( the fingolimod groups (Fig. 2B) . Inclusion of unconfirmed relapses yielded similar results. There were no significant differences in disability (EDSS scores) at 12 months between the fingolimod groups and the placebo group (Table 2) .
Extension Study
Of the 255 patients who completed the core study, 250 (98%) continued in the extension study (Fig. 1) . A total of 227 of these 250 patients (91%) completed the 6-month extension study, for a total of 12 months in the overall study. At month 12, the number of gadoliniumenhanced lesions remained low in the two groups of patients who received continuous treatment with fingolimod, whereas the number decreased significantly among the patients who switched from placebo to fingolimod (Table 3) . Other MRI variables consistently showed that fingolimod continued to have a marked effect on inflammatory activity, as reflected by MRI findings (Table  3) . At month 12, more than 80% of patients who received fingolimod were free of gadoliniumenhanced lesions.
Among patients who switched from placebo to fingolimod, the annualized relapse rate was lower during the period of treatment with fingolimod ( Table 3 ). The relapse rates in the groups of patients who received continuous fingolimod remained low during months 7 to 12, with overall 12-month relapse rates of 0.31 and 0.29 for the 1.25-mg dose and the 5.0-mg dose, respectively.
In both groups of patients who received continuous fingolimod, 79% were free of relapse at month 12, whereas 65 to 67% were free of relapse in the groups given placebo and fingolimod. The EDSS scores did not worsen during 12 months of treatment.
Adverse Events
In the core study, the incidence of adverse events was higher in the group of patients who received fingolimod at a dose of 5.0 mg per day than in the group that received the 1.25-mg dose and the placebo group (Table 4) . Frequently reported adverse events associated with fingolimod were nasopharyngitis and dyspnea (both mainly in the group of patients who received fingolimod at a dose of 5.0 mg), headache, diarrhea, and nausea.
The study medication was discontinued because of adverse events in four patients who received placebo, in five patients who received 1.25 mg of fingolimod, and in eight patients who received 5.0 mg of fingolimod. The incidence of serious adverse events was similar among the study groups (Table 4) ; no patient died. The overall incidence of adverse events in the extension study was lower than that in the core study, with nasopharyngitis, influenza, and headache reported most frequently (Table 5) . No infections were reported as serious adverse events in the core study. Two infections were reported as serious adverse events during the extension: one case of facial herpes zoster in a patient who switched from placebo to fingolimod at a dose of 5.0 mg and one case of enterocolitis in a patient who switched from placebo to fingolimod at a dose of 1.25 mg.
In the core study, after 10 weeks of treatment with fingolimod at a dose of 5.0 mg, the posterior reversible encephalopathy syndrome developed in a 52-year-old woman. This syndrome was characterized clinically by headache, acute cortical blindness, ophthalmoplegia, dysarthria, and ataxia. MRI showed diffuse areas of hyperintensity in the occipital region and brain stem on T 2 -weighted scans -findings consistent with the presence of posterior reversible encephalopathy syndrome. 31,32 The patient did not have a history of hypertension or renal disease. Neurologic symptoms and the hyperintense areas on MRI began to improve 72 hours after the discontinuation of treatment, leaving a residual right homonymous hemianopia corresponding to a left occipital hyperintensity and mild ataxia, which did not change after 15 months of follow-up.
Clinically asymptomatic lymphopenia and increases in liver enzyme levels (mainly alanine aminotransferase) were the most common laboratory abnormalities. Peripheral-blood lymphocyte counts decreased rapidly to approximately 20 to 30% of the baseline value in both fingolimod groups. During the core study, an increase in the alanine aminotransferase level to three or more times the upper limit of the normal range (≥90 U per liter in women and ≥117 U per liter in men) was more frequent with fingolimod (in 10% of the patients who received 1.25 mg and in 12% of those who received 5 mg) than with placebo (1%; P = 0.02 and P<0.005, respectively). Elevations of aspartate aminotransferase levels were uncommon (Table 4) , and fingolimod treatment was not associated with elevations of bilirubin or alkaline phosphatase levels (see the Supplementary Appendix, available with the full text of this article at www.nejm.org). Among the 26 patients who received continuous treatment with fingolimod and had alanine aminotransferase levels that were three or more times the upper limit of the normal range, the levels returned to less than three times the upper limit in 13 (to the normal range in 5) without any dose adjustments. Fingolimod was discontinued in the other 13 patients, and alanine aminotransferase levels subsequently returned to less than three times the 24 (86) 22 (69) 53 (85) 57 ( (68) 18 (56) 45 (73) 47 (73) Clinical ( upper limit of the normal range in all 13. Of four patients in whom fingolimod treatment was resumed, three had alanine aminotransferase levels that remained lower than three times the upper limit of the normal range; treatment with fingolimod was discontinued permanently in one patient. During the core and extension studies, treatment was permanently discontinued in two patients because of elevated liver enzyme levels.
No elevations in liver enzyme levels were associated with clinical symptoms. Within 6 hours after the first dose of fingolimod, the heart rate was reduced by a mean of 13.8 and 16.6 beats per minute in the 1.25-mg and 5.0-mg groups, respectively, returning toward the baseline value with continued treatment. Symptomatic bradycardia was reported in one patient who received fingolimod at a dose (14) 22 (23) 18 (19) Dyspnea 1 (1) 4 (4) 12 (13)* Diarrhea 2 (2) 9 (10) 11 (12)* Nausea 2 (2) 8 (9) 10 (11)* Back pain 3 (3) 4 (4) 8 (9) Fatigue 9 (10) 8 (9) 8 (9) Increase in alanine aminotransferase
Reported by investigator 2 (2) 6 (6) 7 (7) Confirmed ‡ 1 (1) 9 (10)* 11 (12)* Dizziness 5 (5) 2 (2) 7 (7) Influenza 3 (3) 6 (6) 7 (7) of 1.25 mg after switching from placebo and in three patients who received fingolimod at a dose of 5.0 mg; no cases of symptomatic bradycardia were reported among patients who received placebo. All episodes occurred within 24 hours after administration of the first dose and resolved spontaneously. Holter electrocardiographic monitoring was performed in 31 patients who received placebo, 31 patients who received fingolimod at a dose of 1.25 mg, and 34 patients who received fingolimod at a dose of 5.0 mg. These assessments confirmed that the maximal decrease in the heart rate in the patients treated with fingolimod, as compared with those who received placebo, occurred within the first 6 hours. Transient second-degree Wenckebach atrioventricular block occurred in four patients who received fingolimod at a dose of 1.25 mg (in one patient only at baseline, in one at baseline and day 1, and in two on day 1) and five patients who received fingolimod at a dose of 5.0 mg (all on day 1). All Holter assessments at 3 months were normal in the patients who received placebo and in those who received fingolimod at a dose of 1.25 mg; a single episode of nonsustained ventricular tachycardia (four beats) was reported on one tracing in a patient who received fingolimod at a dose of 5.0 mg. There was an initial reduction in mean blood pressure (5 to 6 mm Hg lower than the baseline value) within 4 to 5 hours after the administration of fingolimod, followed by a sustained elevation (4 to 6 mm Hg higher than the baseline value) after 2 months of treatment, with no further increase during the extension study (data not shown).
During the core study, pulmonary-function tests showed a reduction in FEV 1 in the group of patients who received fingolimod at a dose of 5.0 mg, as compared with the placebo group. 
no. of patients (%)
Any event 31 (78) 36 (84) 63 (72) 68 ( The average reduction from baseline in the percentage of predicted FEV 1 at month 6 was 1.9% in the placebo group (37 patients), as compared with 8.8% (P = 0.003) in the group of patients who received fingolimod at a dose of 5.0 mg (35 patients) and 2.8% (P = 0.68) in the group of patients who received fingolimod at a dose of 1.25 mg (40 patients). After 6 months of treatment, as compared with an increase of 4.3% of the predicted FVC in the placebo group, the FVC was decreased by 0.8% in the group of patients who received fingolimod at a dose of 1.25 mg and by 3.2% of the predicted value in the group of patients who received fingolimod at a dose of 5.0 mg (P<0.05 for both comparisons with placebo). In both groups of patients who received fingolimod, the carbon monoxide diffusion capacity did not differ from that in the patients who received placebo. In the extension study, there was no further change in FEV 1 , FVC, or the carbon monoxide diffusion capacity at month 12, as compared with month 6, in any of the groups (those who received continuous fingolimod or those who switched from placebo to fingolimod; data not shown). No increase in clinical respiratory adverse events was reported in the group of patients who received fingolimod at a dose of 1.25 mg, as compared with the placebo group. There were more reports of dyspnea in the group of patients who received fingolimod at a dose of 5.0 mg than in the placebo group (Table 4) . During the extension study, dyspnea was rarely reported (no re- ports in the group of patients who received continuous treatment with fingolimod at a dose of 1.25 mg and one report each in the other three groups).
Discussion
Our results demonstrate that oral fingolimod given once daily provides significant and rapid improvement in MRI measures of inflammation and in relapse-related clinical end points in patients with relapsing multiple sclerosis. Patients who received placebo also had marked improvements after switching to the active drug in the extension study. These clinical and MRI results suggest that the main mechanism of action of fingolimod -sequestration of lymphocytes in secondary lymphoid organs through an interaction with G protein-coupled receptors for sphingosine-1-phosphate 15 -has a favorable effect on the course of relapsing multiple sclerosis. Additional mechanisms may also be involved. These mechanisms may be related to binding to other sphingosine-1-phosphate receptors -also expressed in neural cells 33-36 -and to the high availability of fingolimod within the central nervous system because of its lipophilic nature. The observation that the 1.25-mg dose was as effective as the 5.0-mg dose, in terms of both MRI findings and relapse rates, provides evidence of a need to explore the effects of a lower dose in future trials.
The most frequently reported adverse events associated with fingolimod were upper respiratory tract infections (mainly nasopharyngitis). Two serious infections were reported in patients who were given fingolimod, and larger trials are needed for a full assessment of the risk of serious infections with fingolimod therapy. Similarly, the risk of the posterior reversible encephalopathy syndrome needs to be quantified; in our study it occurred in one patient who was given fingolimod. The pathogenesis of this syndrome is unclear but seems to be related to impaired autoregulation and endothelial function. It has been associated with hypertension, eclampsia, and the use of several immunosuppressive and immunomodulating agents, including interferon alfa and immune globulins administered intravenously. 31, 32 The importance of elevated liver enzyme levels observed in this study requires further evaluation in longer-term studies. Liver enzyme abnormalities were not found in transplantation studies. In these studies, fingolimod was administered as an add-on therapy to cyclosporine, 37 and its hepatic effects may therefore have been disguised by concomitant treatment with this agent, which is known to cause elevated aminotransferase levels. The dose-dependent decline in the heart rate observed in the first hours after the first dose has also been reported in studies of transplantation. [37] [38] [39] We observed other adverse events related to the pharmacologic characteristics of fingolimod, including decreases in forced expiratory flow and increases in respiratory symptoms and blood pressure.
Our results show that oral fingolimod may be a treatment option for relapsing multiple sclerosis. Before these findings can be considered clinically directive, the benefits and risks of fingolimod need to be further evaluated in larger-scale, longer-term clinical studies.
